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Abstract

Structure and variability of temperatures in the tropical upper troposphere and
lower stratosphere (~10-30 km) are studied based on Global Positioning System
Meteorology (GPS/MET) observations during April 1995-February 1997. Comparisons
with several hundred co-located radiosondes demonstrates the high accuracy of
GPS/MET retrievals in the tropics. Mean structure and variability of the tropical cold
point tropopause is examined, and much of the sub-seasonal variability in cold point
temperature and height appears to be related to wave-like fluctuations (such as gravity
waves or Kelvin waves). Significant correlations are found between the GPS/MET
temperatures and daily, gridded outgoing longwave radiation data (a proxy for tropical
deep convection), providing independent confirmation of the GPS/MET temperature
fluctuations. These correlations quantify the large-scale tropical temperature response to
transient convection, showing coherent wave-like variations over ~12-18 km which span
a hemisphere in longitude. The GPS/MET data also show clear evidence of the

stratospheric quasi-biennial oscillation (QBO) in temperatures over altitudes ~16-40 km.



1. Introduction

The meteorological behavior of the tropical tropopause region is of interest for
quantifying climate variability and change, and for understanding mechanisms of
troposphere-stratosphere coupling. The climatological structure and variability of the
tropical tropopause, and mechanisms which maintain that structure, are topics of active
research [e.g., Highwood and Hoskins, 1998; Thuburn and Craig, 2000, 2002; Kiladis et
al., 2000; Seidel et al., 2001; Gettelman and Forster, 2002; Folkins, 2002]. Further
more, current interests in stratospheric dehydration and water vapor trends (SPARC,
2001), and the formation mechanisms of tropical thin cirrus clouds [Jensen et al., 1996;
Massie et al., 2002] both require accurate estimates of temperature and circulation near
the tropical tropopause. Observational data in this region are based primarily on the
global radiosonde network, with large data sparse regions [e.g., Highwood and Hoskins,
1998; Seidel et al., 2001], or operational meteorological analyses, with relatively low
vertical resolution and attendant biases [e.g., Hoinka, 1998; Randel et al., 2000].

In this work we use a relatively new temperature profile data set, derived from
Global Positioning System Meteorology (GPS/MET) radio occultation measurements
[Kursinski et al., 1996; Rocken et al., 1997], to analyze the structure and variability of
temperatures in the upper troposphere and lower stratosphere (UTLS) during April 1995-
February 1997. These GPS/MET data have the advantage of high vertical resolution,
plus relatively dense spatial sampling for selected time periods. Nishida et al. [2000]
have used these data to examine aspects of the mean tropopause structure, including its
seasonal and longitudinal variation. Our work extends their analyses in that we focus on
variability evident in the GPS/MET data, in particular for sub-seasonal variability of the

cold point tropopause. Although the seasonal changes in tropical tropopause structure are



reasonably well understood from empirical analyses [e.g., Seidel et al., 2001], relatively
less is known about transient behavior or the mechanisms which influence the cold point
temperature and height. In order to quantify the influence of deep convection on
temperatures in the tropical tropopause region, our analyses examine statistical
relationships between the GPS/MET temperature data and daily, gridded outgoing
longwave radiation (OLR) measurements. The results show coherent large-scale
temperature responses to transient convection in the tropical tropopause region, including
variability near the cold point. We also use the long record and high vertical resolution
of GPS/MET data to quantify seasonal and interannual changes in tropical temperatures
over the region ~10-40 km, and in particular isolate the detailed signatures of the annual
cycle and the stratospheric quasi-biennial oscillation (QBO).
2. Data and Analyses
a. GPS/MET temperature data

The GPS/MET Program was established in 1993 by the University Corporation
for Atmospheric Research (UCAR) to demonstrate active limb sounding of the Earth’s
atmosphere using the radio occultation technique [Rocken et al., 1997]. This
demonstration system measured occulted GPS satellite signals from a low orbiting
satellite (MicroLab-1), with occultations occurring as the instrument sets below the
Earth’s horizon relative to any of the constellation of 24 GPS satellites. The arrival time
of the GPS signal at the instrument is delayed because of refractive bending in the
atmosphere, and this information can be used to derive an altitude profile of the
atmospheric refractive index. In the neutral atmosphere (below ~100 km) the refractive
index is primarily a function of temperature and relative humidity; above approximately

10 km the atmosphere is effectively dry, so that the GPS/MET measurements can be used



to derive the profile of temperature. Because of inversion details, data above ~40-50 km
are highly influenced by climatology, and hence the GPS/MET temperature data analyzed
here are most useful for the region ~10-40 km. The horizontal scale associated with the
GPS/MET temperature retrievals is ~300 km (this is the horizontal distance which
contributes information along the occultation ray path), and the vertical resolution in the
upper troposphere-lower stratosphere (UTLS) is of order 1 km (the data are gridded on a
0.2 km vertical grid). The local time of the measurements varies randomly throughout
the day. Further details of GPS/MET and derived temperatures can be found in Rocken et
al. [1997] and Kursinski et al. [1997].

GPS/MET provided occultation measurements for the period April 1995-February
1997. The number of retrieved temperature profiles (and their quality) varies over time
with between 0 to ~2000 profiles for individual months [as listed in Table 1 of Nishida et
al., 2000]. Along with examining overall seasonal and interannual temperature changes
in these data, we focus on details of tropopause variability for two periods with most
dense sampling, June-July 1995 and December-February (DJF), 1996-1997. The June-
July 1995 and February 1997 time periods also have the highest data quality, so-called
‘prime times’ associated with encryption of the GPS signal [Rocken et al., 1997].

b. OLR data

In order to study coherence with tropical convection, we include here analyses of
outgoing long wave radiation (OLR) data as a proxy for tropical convection. Daily
gridded OLR data are obtained from the Climate Diagnostics Center web site
http://www.cdc.noaa.gov. These daily data are available on a 2.5 degree latitude-

longitude grid, with data gaps filled by interpolation to provide complete sampling.



3. Comparisons With Radiosondes and Global Analyses

Rocken et al. [1997] have made extensive comparisons between GPS/MET
temperature profiles and a number of correlative data sets (radiosondes, meteorological
analyses and satellite data), with main focus on the global atmosphere. Because of the
tropical focus of this paper, we have made further comparisons between GPS/MET and
nearby radiosonde temperature profiles only in the tropics (20°N-S). These comparisons
span the 1995-1997 time period, and the statistics are calculated separately for the
GPS/MET prime times (June-July 1995 and February 1997) and off-prime times (all
other months), in order to test for any systematic differences. We use co-location criteria
between the GPS/MET and radiosonde data of + 12 hours and 3 degrees great circle
distance (approximately 330 km, consistent with the 300 km horizontal scale of
GPS/MET). Mean and rms temperature differences are shown in Figure 2 for profiles
over 10-30 km, based on ~50-150 comparisons for each time period (decreasing with
altitude, due to radiosonde balloon bursts). The mean temperature differences are within
~ =+ 1°K over this altitude region, with small positive differences just above the
tropopause (~ 17-20), for both time periods. However, the GPS/MET — radiosonde rms
differences are of order 2-3 K over 10-30 km, so that none of the mean biases are
statistically significant. Note this ~2-3 K rms difference is approximately the same size
as radiosonde temperature variances in the UTLS [e.g., Tsuda et al., 1994], so that the
results in Figure 2 are consistent with this level of ‘natural’ variability. Larger biases are
seen in Figure 2 at and below 10 km, due to growing influence of water vapor on the
GPS/MET retrievals. The rms differences are just slightly larger (~10-20%) for the off-
prime GPS/MET measurements, but overall the statistics are similar for both time

samples, suggesting the prime and off-prime GPS/MET measurements have similar



quality. Direct comparison of the cold point tropopause (temperature minimum) between
these data sets gives mean and rms (GPS/MET — radiosonde) differences of 0.6 £ 2.7 K
for temperature, and —0.1 £ 0.9 km for altitude (not dependent on time period). These
statistical comparisons over the entire tropics are consistent with the results over
Indonesia discussed by Nishida et al., 2000. Overall these comparisons suggest that the
GPS/MET temperatures are of high quality in the tropics over ~10-30 km and not
strongly dependent on the GPS signal encryption, so that their high spatial sampling can
significantly augment the tropical radiosonde network.

A further comparison of temperature profiles in the tropics (10°N-S) is shown in
Figure 3, showing the January 1-15, 1997 time mean profile derived from GPS/MET with
results from several operational meteorological analyses: NCEP/NCAR reanalyses
[Kalnay et al., 1996], ECMWF analyses, and UKMO stratosphere-troposphere
assimilation [Swinbank and O’Neill, 1994]. Note that the vertical resolution of these
analyzed data sets in the UTLS is ~2.5-3.0 km. These comparisons show significant
differences near the tropopause (~17 km), where the analyses do not capture the depth or
sharpness of the cold point, due primarily to the lack of vertical resolution [as discussed
previously in Pawson and Fiorino, 1998, and Randel et al., 2000]. A further region of
difference is seen above ~24 km, where the GPS/MET temperatures are higher than
temperatures in the analyses. This temperature ‘bulge’ in the GPS/MET data in January
1997 is associated with the QBO, as shown below in Figure 16. A weaker amplitude
QBO ‘bulge’ is also seen in the UKMO data in Figure 3, but the QBO is less evident in

the NCEP/NCAR and ECMWEF data.



4. Structure and Variability of the Tropical Tropopause Region
a. Time mean structure

The space-time sampling of GPS/MET is most suitable for studying the spatial
structure of the tropopause for seasonal means. Here the spatial structure is estimated
using a simple Gaussian weighted binning analysis (on a 4° latitude by 30° longitude
grid, using Gaussian half-widths of 5° latitude and 50° longitude). Figure 4 shows the
individual cold point temperature and height measurements over 10°N-S during DJF
1996-1997, together with the binned seasonal mean values. Note the considerable
amount of variability about the time mean that is observed within a season, which is
explored in more detail below.

The spatial structures of cold point tropopause temperature (Tcp) and altitude
(Zcp) derived from GPS/MET for JJ 1995 and DJF 1996-1997 is shown in Figure 5. The
spatial patterns for these individual seasons are consistent with previous radiosonde-
based climatologies [e.g., Highwood and Hoskins, 1998; Seidel et al., 2001] and with
meteorological analyses [e.g., Hoinka, 1998; Randel et al., 2000]. The coldest
tropopause temperatures during DJF are ~188 K, located over a wide region in the
tropical western Pacific, approximately symmetric about the equator. Slight minima in
Tcp are also seen over equatorial Africa and South America, and the minima in T¢p are all
co-located (in longitude) with the time mean convection (indicated by shading in Figure
5). During NH summer (JJ 1995) the tropical Tcp is still relatively cold over the western
Pacific, but the cold tropopause extends well northward over the south-Asian monsoon

region, near the maximum in convection; for this year the coldest mean T¢p were near



20°N (~192 K). The time mean tropopause altitude is relatively low over the tropical
western Pacific, where Tcp are low, with the height minima slightly west of the
temperature minima (see Figure 4). In contrast, the tropopause is relatively high over the
cold south-Asian monsoon region (> 17.5 km). There is a seasonal cycle in cold point
temperature (~5 K) and altitude (~0.5 km), which is zonally symmetric to first
approximation. A slightly larger seasonal cycle in temperature is observed just above the
tropopause (~18 km) (as shown below in Figure 14).

The vertical structure of longitudinal temperature anomalies near the equator
(10°N-S) during DJF 1996-1997 is shown in Figure 6. Here we have subtracted the zonal
mean GPS/MET temperature at each altitude to highlight longitudinal anomalies, and

include lines which indicate the cold point tropopause and altitude of minimum lapse rate

00/0z (here 0 is potential temperature, 6 = T( 1)2/ 7, with Po = 1000 hPa). The level of

Po

minimum 06/0z is associated with the ‘top’ or level of maximum outflow in tropical
convection [in a statistical sense, e.g., Folkins, 2000, 2002; Gettelman and Forster,
2002], and the region between the minimum 06/dz and cold point tropopause is one
definition of the ‘tropical tropopause layer’ (TTL) [Gettelman and Forster, 2002].

Figure 6 shows that the largest tropical temperature anomalies are observed near
and below the cold point tropopause, generally within the TTL. The region of strongest
time-mean convection near Indonesia (~90-180°E) is associated with warm anomalies
over ~10-12 km (centered east of the convection), and coldest anomalies near the
(slightly lower) topopause. Note the eastward phase tilt with height of the time average
temperature anomalies over ~14-18 km in Figure 6, which is qualitatively similar to the

transient response to convection near the equator seen below in Figure 12.



b. Variability in the cold point

A significant amount of sub-seasonal variability is observed in the GPS/MET cold
point statistics in Figure 4, and here we examine fluctuations in cold point temperature
and height, and study statistical relationships with the temperature profiles and with
large-scale convection. Here OLR is used as proxy for tropical convection, and for
reference, an OLR threshold below ~ 180-220 K is typically associated with deep
convection. We focus on the deep tropics (10°N-S) for DJF 1996-1997, for which there
are ~375 GPS/MET observations. The availability of GPS/MET data as a function of
longitude and time for this period is shown in Figure 7. This figure also includes shading
which indicates location and variability of the most intense convection (OLR <210 K),
plus symbols locating the 5% coldest and 5% warmest Tcp.

Figure 8 shows scatter diagrams of the observed variability in cold point
temperature and height in the individual GPS/MET soundings during DJF 1996-1997,
with data segregated according to deep convective (OLR < 220 K) and non-convective
(OLR > 220 K) regions. There is substantial variability in both T¢p (values over ~183-
195 K) and Zcp (extrema from ~16 to 19 km). However, these scatter diagrams show
there is not a strong relationship between temperature and height of the cold point
tropopause in individual soundings, either above or away from deep convection. This
lack of correlation is somewhat surprising because on seasonal or monthly time scales the
coldest Tcp are correlated with lowest Zcp, as shown in Figure 5, and also in the
radiosonde statistics in Reid and Gage, 1996, and Seidel et al., 2001. This distinct
behavior between individual soundings and monthly/seasonal statistics is suggestive of
additional physical processes for monthly time scales, and one possibility is that radiative

effects may be relatively more important for low frequency behavior of the tropopause
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[Thuburn and Craig, 2000, 2002; Norton, 2001; Hartman et al., 2001].

Figure 9a shows the correlation between Tcp and the profile of temperature, T(z).
These correlations have been calculated from profiles over deep convection (OLR <220
K), but the results do not depend in detail on the convective environment. Because the
cold point is near 17 km, there is strong correlation with T(z) near this altitude (but the
correlation is not 1.0, due to the variability of the precise cold point altitude). The cold
point temperature is positively correlated with T(z) over a narrow layer, extending
approximately 1-2 km above and below the (average) tropopause. Negative correlations
are observed 3-5 km below the tropopause, and these are consistent with the vertical
phase tilts of waves which contribute to variability in the tropopause region, as shown
below.

Similar correlations between Zcp and T(z) are shown in Figure 9b, showing how
the height of the tropopause is related to temperatures in the profile. There is virtually no
correlation near the (average) tropopause at ~17 km, i.e., no relation between Zcp and Tcp
(as shown in Figure 8). Positive correlations are found in the layer ~1-3 km below Z¢p,
i.e., when the cold point is high, T(z) is relatively warm in this layer. Anti-correlations
are found for temperatures 1-2 km above Zp.

The characteristic structure of the temperature profiles with the coldest and
warmest cold point tropopauses is shown in Figure 10. Here we show overlaid profiles
for the 10 coldest and 10 warmest tropopause samples, together with their respective
means and differences. The data in Figure 10 have been sampled over deep convection
(OLR £ 220 K), but results are similar if no OLR threshold is used. The ‘cold
tropopause’ profiles show a pronounced temperature minimum near ~17 km, whereas the

‘warm tropopause’ profiles do not exhibit a distinct cold point, but rather the
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temperatures are ‘flat” over ~15-19 km. The difference between the profiles is near 10 K
at 17 km, and oppositely-signed differences are seen below ~14 km (i.e., the ‘cold
tropopause’ profiles are warm below ~ 14 km). This out of phase behavior is consistent
with the height-longitude phase tilt of waves revealed using correlations with OLR, as
shown below in Figures 12-13. Overall the overlaid profiles in Figure 10 show a large
amount of ‘wavy’ variability in the tropopause region and throughout the stratosphere.
This variability is also observed in co-located radiosonde measurements [Nishida et al.,
1998], and is probably due to a wide spectrum of tropical waves, such as gravity waves
[Karoly et al., 1996; Tsuda et al., 2000], Kelvin waves [e.g., Boehm and Verlinde, 2000;
Fujiwara et al., 2001] or other equatorial modes [e.g., Wheeler and Kiladis, 1999]. The
reality of these waves in the GPS/MET data is further supported by the observed
coherence with (independent) OLR measurements, as shown below. The ‘snapshot’
GPS/MET observations suggest that extrema in these waves amplitude and phase near the
tropopause are a primary cause of extreme variability in cold point temperature.

Figure 11 shows a set of similar diagnostics for GPS/MET temperature profiles
with the 10 highest and 10 lowest cold point tropopauses. As with temperature, extreme
variations of tropopause height appear to be associated with enhanced wave-like
variability above ~15 km, and the exact location of wave crests and troughs. Comparison
of the mean profiles does not reveal any systematic temperature differences below ~14
km or above ~20 km for the ‘high’ vs ‘low’ tropopause cases.

c. Coherence with transient convection

Although the GPS/MET sampling is highly irregular (see Figure 7), it is

straightforward to calculate correlations between the individual T(z) profiles and the

daily gridded OLR data, taking into account both longitudinal and time lag relationships.
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Here we calculate correlations as a function of time and longitude lag between the
gridded OLR data and profile GPS/MET data, using the OLR data sampled in latitude
closest to the individual GPS/MET observation. These results focus on the time period
with most dense sampling and highest quality GPS/MET data during 1-15 February 1997.
The overall correlations are not a strong function of time lag (peak near zero days), and
we show the longitude-height structure at zero time lag. Auto-correlations for both
GPS/MET and OLR data peak strongly near zero time and longitude lags; using a
conservative estimate of an e-folding scale of 2 (for time in days, or longitude in 10°
bins), correlations above [r| > 0.26 are significant at the 95% level for the 190
observations over 10°N-S (Figure 12), and |r| > 0.31 are significant for the 135
observations over 10-20°S (Figure 13) [Lau and Chan, 1983]. We note that tropical
convection rarely penetrates above ~14 km [e.g., Gettelman et al., 2002], so that the
patterns revealed in these correlations represent temperatures mostly above the
convective region.

Figure 12 shows the height-longitude structure of the correlations between OLR
and GPS/MET T(z) for statistics over 10°N-S. Here the contours indicate the spatial
patterns of temperature varying coherently (in or out of phase) with convection, and the
longitudinal structure shows the temperature response to the east or west of the convective
maxima (zero longitude refers to co-located OLR and GPS/MET T(z)). The sign
convention is such that positive correlations (shaded in Figure 12) correspond to cold
temperatures associated with low OLR (deep convection). The patterns in Figure 12 show
significant correlations over the ~12-18 km region, with a clear eastward-tilting phase
structure with altitude. The largest correlations (up to 0.5) occur over ~13-16 km, nearly
co-located with convection, (i.e., cold anomalies overlying deep convection). Extension
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of this pattern to near-tropopause levels (~17 km) occurs 30-60° to the east of the
convection, and this is consistent with the cold point extrema highlighted in Figure 7 (east
of the Indonesian convection). These cold tropopause anomalies east of convection have
also been identified for intraseasonal time scales in the analyses of Zhou and Holton
[2002]. Relative warm temperature anomalies associated with convection occur in the
upper troposphere (~12-16 km) approximately 60-120° to the east of convection. These
patterns extend to the tropopause level ~120° east of convection, and this statistical

signature is consistent with the extreme warm Tcp in Figure 7 near ~240°E, far to the east

of Indonesian convection. Also, warm anomalies are observed near the tropopause level

in Figure 12, ~60° to the west of convection, consistent with the few extreme warm Tcp

observed near 60°E in Figure 7. Overall these correlations demonstrate that localized
transient tropical convection can influence temperatures in the TTL over longitudes
spanning half of the globe. The eastward phase-tilt structure of the patterns in Figure 12 is
reminiscent of a Kelvin-wave response to transient convective forcing [ Wheeler et al.,
2000; Straub and Kiladis, 2002], and is also similar to the observed structure of a
Madden-Julian Oscillation (MJO) (G. Kiladis, personal communication, 2002). In fact a
strong MJO event occurred in the western Pacific during February-March 1997, although
the most coherent MJO patterns in OLR were not evident until after the GPS/MET
sampling period. It is also interesting to point out that the observed seasonal-mean
longitude-height anomaly structure in the equatorial tropopause region (Figure 6) bears a
strong resemblance to the transient correlation patterns in Figure 12, in particular for the
eastward-tilting cold anomalies above (the time-mean) Indonesian convection, and warm

anomalies to the east and west.
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Figure 12 also includes a plot of the correlations between OLR and height of the
cold point tropopause. Significant positive correlations are observed above and slightly
west of convection (note the inverted scale in Figure 12), indicating a low tropopause
associated with low OLR (enhanced convection). The relation to the temperature profile
correlations in Figure 12 are consistent with Figures 9b and 11, i.e., Z, variations occur
coherently with temperature anomalies over ~14-16 km.

The eastward phase-tilt with height seen in Figure 12 (characteristic of a Kelvin-
wave) is peculiar to the temperature-OLR correlations calculated over the equatorial
region (10°N-S), and different patterns are observed for other latitudes. For example,
Figure 13 shows temperature-OLR correlations calculated for statistics over 10-20°S,
showing a distinctive wave-like coherence pattern in the TTL, but with a westward phase
tilt with height and zonal scale ~90-120° longitude (zonal wave 3-4). Warm anomalies
are observed above convection over ~10-13 km, overlain by cold anomalies spanning
~15-18 km. The occurrence of these temperature patterns over 10-20°S, their westward
phase tilt with height in the TTL and zonal wave 3-4 structure, all suggest association
with a mixed Rossby-gravity (MRG) mode [e.g., Holton, 1972; Wheeler et al., 2000].
However, the fact that the correlation patterns in Figure 13 are significant only for
temperatures to the west of convection is unexpected for MRG waves (which have an
eastward group velocity), and these patterns are different from the more symmetric
patterns derived from long data records [ Wheeler et al., 2000]. This behavior is puzzling
and 1s unexplained at present. In any case, the important points are that (1) the GPS/MET
temperatures show strong correlation with OLR in the TTL, and (2) the wave-like
patterns demonstrate an influence of convection which is highly non-local in longitude.

5. Annual Cycle and the QBO
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Further aspects of tropical temperature variability are revealed by analysis of the
entire GPS/MET data set covering 1995-1997. Figure 14 shows all of the measurements
near the equator (£ 4° latitude) at 18 km for the GPS/MET record, together with the
annual cycle derived by harmonic regression analysis. This shows the well-known
annual cycle in temperature near and above the tropical tropopause, with minima during
NH winter [e.g., Yulaeva et al., 1994; Reid and Gage, 1996]. Figure 15 shows a
meridional cross section of the amplitude of the annual cycle in temperature derived from
the GPS/MET data, showing that the large annual cycle in the tropics occurs over a
relatively narrow vertical layer near and above the tropopause (~16-22 km). The
maximum amplitude of the tropical annual cycle in GPS/MET data is ~8 K (near 18 km),
somewhat larger than that derived from radiosondes [Reed and Vicek, 1969] or
meteorological analyses [Rosenlof, 1995]. The fact that the large annual cycle in tropical
temperature occurs only over ~16-22 km is explained quantitatively by the long radiative
damping time scales in this region; the temperature response to the annual cycle in the
upward Brewer-Dobson circulation is magnified in this region by radiative time scales of
order 100 days [Randel et al., 2002].

Interannual anomalies in the GPS/MET data are studied by calculating monthly
means, subtracting the annual cycle at each latitude and height, and interpolating across
months with no data. Figure 16 shows an altitude-time section of temperature anomalies
over the equator (* 4° latitude), showing downward propagating patterns over the depth
of the stratosphere with an approximate 2-year periodicity. These anomalies are
associated with the stratospheric QBO [Baldwin et al., 2001]. The space-time patterns in
Figure 16 are very similar to QBO patterns for this time period in UKMO stratospheric

analyses [Randel et al., 1999], but the magnitudes are somewhat larger in the higher
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vertical resolution GPS/MET data (as can be seen in Figure 3). Figure 17 shows time
series of the GPS/MET zonal mean temperature anomalies at several levels, compared
with a longer record of radiosonde data from one location (Singapore, at 1°N). The
longer Singapore record clearly shows the dominance of the QBO in the tropical
stratosphere, and there is excellent agreement with the GPS/MET observations during the
overlap period April 1995-February 1997. Further confirmation of the QBO signature is
seen in the latitudinal structure of the GPS/MET temperature anomalies at 24 km shown
in Figure 18. Here the tropical temperature anomalies are found to be clearly centered
over the equator, with out-of-phase temperature patterns observed in subtropics of each
hemisphere [consistent with the QBO meridional circulation, e.g., Baldwin et al., 2001].
6. Summary and Discussion

GPS/MET was designed as a demonstration system to explore the utility of
satellite radio occultation measurements, and the system was operational for almost two
years. The GPS/MET measurements provide high vertical resolution temperature profile
data, and these agree extremely well with co-located radiosonde measurements in the
tropics over ~10-30 km. The spatial sampling of GPS/MET is high for several time
periods and this study has focused on the structure and variability of temperatures near
the tropical tropopause, and their relationship to convection, in addition to seasonal and
interannual variability.

The spatial structure and seasonality of the cold point tropical tropopause derived
from GPS/MET data agree with previous analyses. There is little correlation between
temperature and height of the cold point in individual measurements, in contrast to the
negative correlation observed in seasonal or monthly mean data [e.g., Seidel et al., 2001].

This suggests that different or additional mechanisms are important for maintaining the
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cold point on monthly time scales, such as radiative forcing. The majority of tropopause
temperature or height variability in the ‘snapshot” GPS/MET observations appears to be
related to wave-like variability (i.e., the exact location of crests or troughs). This
variability is ubiquitous in the GPS/MET tropical temperature profiles above ~15 km,
and the reality of these waves is supported by evidence in co-located radiosondes
[Nishida et al., 2000], and by the observed coherence with independent OLR data shown
here. Tsuda et al. [2000] examined the wave-like variations in GPS/MET temperature
profile data in some detail, finding strong variance for vertical wavelengths of ~2-10 km,
maximum amplitudes in the tropics (in particular near convection), and extratropical
seasonality consistent with gravity waves. Alexander et al. [2002] show that the
latitudinal structure of wave variance in GPS/MET data (in particular the tropical
maximum) is consistent with theoretical expectations for inertia gravity waves. Our
results suggest that such wave variability, due to inertia-gravity waves, or other tropical
oscillations such as Kelvin waves [Boehm and Verlinde, 2000; Fujiwara et al., 2001;
Straub and Kiladis, 2002], is a key component of tropical tropopause behavior.
Correlations between the GPS/MET temperatures and daily gridded OLR data
delineate the temperature response to transient deep convection in the tropical tropopause
layer. For the time period analyzed here the temperature correlations near the equator
show a local and remote response to localized convective maxima which cover over 180°
in longitude (Figure 12), and have a characteristic eastward phase tilt with height in the
TTL. A cool region is observed co-located with convection over the ~13-16 km layer;
however, maximum cold anomalies at tropopause level (~17 km) are observed ~30-60° to
the east, while warm anomalies are observed ~ 120° to the east and ~60-90° to the west

of the convective center. Thus the relatively warm tropopause temperatures over the
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equatorial eastern Pacific and Indian oceans seen in Figure 7 are correlated with transient
convection over Indonesia. Away from the equator the specific correlation patterns are
very different (Figure 13), but still show wave-like coherence extending over a
hemisphere. Note that there are cold anomalies in the TTL above convection in both the
equatorial (Figure 12) and off-equatorial (Figure 13) statistics. These could be a
signature of convective overshooting [as in the model of Sherwood and Dessler, 2001],
or the wave-like temperature patterns in the TTL could be a characteristic wave response
to convective heating in the lower-middle troposphere [e.g., Holton, 1972; Garcia and
Salby, 1987; Wheeler et al., 2000]; one possibility is that the two effects may reinforce
each other. An interesting additional result is that the time mean thermal structure of the
TTL over the equator (Figure 6) exhibits longitude-height patterns which are related to
the time mean convection in a similar fashion as the transient equatorial statistics (Figure
12). This similarity to a Kelvin wave response may help explain the approximate
symmetry of the cold Indonesian tropopause region centered over the equator in DJF
(Figure 5), when convection is south of the equator.

The almost two years of GPS/MET coverage also allows analyses of seasonal and
interannual temperature variations over ~10-40 km. The seasonal cycle of temperature is
large in a relatively narrow vertical layer near and above the tropical tropopause, over
~16-22 km, and this is quantitatively explained by the seasonal cycle in the
extratropically-forced Brewer-Dobson upwelling coupled with the long radiative time
scales in the tropical lower stratosphere [Randel et al., 2002]. The GPS/MET data also
show clear evidence of the stratospheric QBO in temperature during 1995-1997, with
downward propagating temperature anomalies centered over the equator, with amplitudes

of ~+ 3-5 K. These QBO patterns are evident over altitudes ~40-16 km (Figure 16), and
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reach the tropopause level with amplitudes ~ + 0.5 K.

Overall the geophysical variability evident in the tropical GPS/MET temperature
data are consistent with previous observations, and the high vertical resolution and dense
spatial sampling of GPS radio occultation provides improved level of detailed
understanding. Ongoing and future GPS missions [e.g., CHAMP, Wickert et al., 2001;
SAC-C, Hajj et al., 2002; COSMIC, Anthes et al., 2000] will offer the opportunity for
enhanced space-time sampling and long-term coverage of the tropical tropopause region.
In particular, COSMIC plans to have six orbiting GPS receivers, and will provide daily

sampling similar to the seasonal coverage obtained by GPS/MET (Figure 1).
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Spatial sampling of GPS/MET temperature data during (a) June-July 1995 and
(b) December-February 1996-1997.

Left panel shows vertical profiles of (GPS/MET-radiosonde) mean and rms
temperature difference statistics, for tropical measurements over 20°N-20°S.
The statistics are separated according to GPS/MET measurements made during
so-called prime periods (June-July 1995 and February 1997) and off-prime
periods (all other months during 1995-1997). The right panel shows the
corresponding number of comparisons at each altitude.

Vertical profile of tropical mean temperature over 10°N-10°S during January
1-15, 1997, derived from GPS/MET and from a number of meteorological
analyses (as noted).

(a) Scatter diagram of cold point tropopause temperature (K) versus longitude
during DJF 1996-1997, showing all the observations over 10°N-10°S. The
central line shows the average. (b) Similar statistics for the cold point
tropopause altitude.

Time average spatial structure of the cold point tropopause temperature (left)
and altitude (right), for statistics during June-July 1995 (top) and December-
February 1996-1997 (bottom). Shading in the left panels denotes regions of
strongest convection (OLR <210 K). The contour interval for height is 0.2
km, and values above 17.4 km are shaded.

Height-longitude section of temperature anomalies (departures from the zonal
mean) over 10°N-10°S, during DJF 1996-1997. Contour interval is 0.5 K, with
zero contours omitted. The solid line near 17 km is the cold point tropopause,
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Figure 7.

Figure 8.

Figure 9.

and the dashed line near 13 km denotes the altitude of the minimum lapse rate.
The curve at the bottom shows the corresponding time mean OLR structure
over 10°N-S, indicating regions of maximum convection.

Longitude-time section showing the location of all of the GPS/MET
temperature measurements over 10°N-10°S during DJF 1996-1997. The open
circles denote the 5% coldest Tcp, and the filled circles denote the 5% warmest
Tcp. Shading indicates regions of deepest convection (OLR < 210 K).

Scatter diagrams of cold point tropopause height versus temperature, separated
for observations over deep convection (OLR < 220) and away from convection
(OLR > 220). The right and top axes of each panel show the corresponding
histogram distributions.

(a) Vertical profile of correlation between cold point temperature and
temperature at each altitude, derived from temperature profiles over deep
convection (OLR <220 K). (b) Corresponding correlation between cold point
height and temperature at each altitude. Error bars denote the 2 x sigma

uncertainties for the correlations.

Figure 10. Overlaid altitude profiles of temperature for the 10 coldest (top) and 10

warmest (middle) cold point tropopauses over 10°N-10°S during December-
February 1996-1997. Bottom panel shows the corresponding means, and their
difference. The hatched area near the zero difference line indicates the 95%
statistical significance level for the mean differences, derived from resampling

the entire population of tropical soundings.

Figure 11. As in Figure 10, but for the 10 highest (top) and 10 lowest (middle) cold point

tropopauses, together with their means and differences (bottom).
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Figure 12. Correlation between near-equatorial GPS/MET temperatures profiles and
contemporaneous OLR measurements, as a function of longitude lag.
Calculations are based on all the GPS/MET temperature profiles over 10°N-
10°S during 1-15 February 1997. Contours are £ 0.20, 0.30, 0.40, ... .The line
on the top indicates correlations between OLR and the cold point height.

Figure 13. As in Figure 12, but for correlation statistics calculated over 10-20°S.
Contours are + 0.20, 0.30, 0.40, ...

Figure 14. Time series of GPS/MET temperatures at 18 km over 4°N-S, together with
the annual cycle derived by harmonic analysis.

Figure 15. Amplitude of the annual cycle in temperature (K), derived from GPS/MET
data during April 1995-February 1997. The heavy line near 17 km denotes the
cold point tropopause.

Figure 16. Height-time series of deseasonalized temperature anomalies over the equator
(4°N-4°S), derived from GPS/MET data. Contours are + 0.5, 1.5, 2.5, ...K.
Heavy line denotes the cold point tropopause.

Figure 17. Time series of equatorial temperature anomalies at several pressure levels,
comparing Singapore radiosondes (1993-1997) with GPS/MET zonal means
for April 1995-February 1997. Both data sets were normalized to zero time
average for the GPS/MET time period, and the monthly Singapore data were
smoothed with a 1-2-1 running mean.

Figure 18. Latitude-time diagram of interannual temperature anomalies at 24 km, derived

from GPS/MET data. Contours are + 0.5, 1.5, 2.5, ... K.
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30



Radiosonde—GPS/MET

1 10
30
25 a
~ i 30
: £
< 20¢
- | 1 o
.| 1100 5
b 7]
D o
T 1o0f &
300
ST prime '
--------- off : ]
O t L L 1 ! 1 L 1000
-2-1 0 1 2 3 0 50100150
Temp(K) number

Figure 2. Left panel shows vertical profiles of (GPS/MET-radiosonde) mean and rms
temperature difference statistics, for tropical measurements over 20°N-20°S.
The statistics are separated according to GPS/MET measurements made during
so-called prime periods (June-July 1995 and February 1997) and off-prime-

periods (all other months during 1995-1997). The right panel shows the

corresponding number of comparisons at each altitude.




Jan 1—15 1997 Temp 1OS—1ON
30 T T

—— GPS/MET

N
[&)]
¥
pa
(®)
m
o

1

height (km)
' N
o

-
wn
i

10

180 190 200 210 220 .230 240
/ Temp (K)

m:& depoﬁhdmpcdmamﬂemlw -10°S during Jamuary
1-15, 1997 derived from GPS/MET and from a number of meteorological

analyses (as noted).




Cold point temperature

200
195 .
~~

a4 L

~—

0 190 r i

= [ ]

[

-— 4
185 [ ]
180 L 1 1 Il I 1 1

0 60 120 180 240 300 360
Longitude
Cold point height
20 ,
19F + o .
: 4+ ++
/‘E\ + +4 + + + + + o+ +
+ ++ + o+ W +

~ 18 :++:m-“++ H. + * +;»t--»-x + :I»HH*:O-". i

e ++ HH H b+ B HE R F b b H

< FEPFTTIT, Wk 3 e

g TP RS L

- + o+ + + 4+ o+ s + o+ + o+ o+

e T
16 + .
4 .
15 1 1 i 1 I 1 1.
0 60 120 180 240 300 360
Longitude

Figure 4. (a) Scatter diagram of cold point tropopause temperature (K) versus longitude
‘during DJF 1996-1997, showing all the observations over 10°N-10°S. The
central line shows the average. (b) Similar statistics for the cold point

tropopause altitude.

33



40N

30N +
20N +
10N |

Lanrtuae
o

10S r
20S ¢

30S

40s =

40N =
30N |
20N +

e

Lantu

20S

30S

40S

GPS trop temp JJ 1995

2
79

108
— 202 1
2ﬂ6‘___‘4~—F—~’”"
AW

s

40N

30N |
20N
10N |

10S |
20S |
305 |

foN
Ut

< 10S

60 120 . 180 240 300

GPS trop temp DJF 1996-97

'-.2* - ;

© 20N
10N

40S

40N
30N

108

20S

30s

60 120 180 240 300
longitude

40S

longitude

Figure 5. Time average spatial structure of the cold point tropopause temporatase (left)

and altitude (right), for statistics during June-July 1995 (top) and December-

February 1996-1997 (bottom). Shading in the left panels denotes regions of

strongest convection (OLR <210 K). The contour interval for height is 0.2

km, and values above 17.4 km are shaded.

34



Time mean structure at equator

24 - O .
22 ' i
— L v
- 20
_\X/ L
o 18 i . cold
L r point
O 16 |
q) .
< 14
r 4 minimum
12 F - 96/0z
10 160
- 220
280

longitude

Figure 6. Height-longitude section of temperature anomalies (departures from the zonal

mean) over 10°N-10°S, during DJF 1996-1997. Contour interval is 0.5 K, with
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and the dashed line near 13 km denotes the altitude of the minimum lapse rate.
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February 1996-1997 . Bottom panel shows the corresponding means, and their -
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statistical significance level for the mean differences, derived from resampling

the entire population of tropical soundings.
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Figure 11. As in Figure 10, but for the 10 highest (top) and 10 lowest (middle) cold point

tropopauses, together with their means and differences (bottom).
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10°S during 1-15 February 1997. Contours are + 0.20, 0.30, 0.40, ... .The line

on the top indicates correlations between OLR and the cold point height.

41



i

24 | 10-20$ (1

Height (km)
o

I
1

N
T

L, |

o L . .
—-240 -180 -120 -60 1\ 60 120
Temp to West convection

Figure 13. As in Figure 12, but for correlation statistics calculated over 10-20°S.

Contours are + 0.20, 0.30, 0490, ...

42



186

182
- 95
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Figure 15. Amplitude of the annual cycle in temperature (K), derived from GPS/MET

data during April 1995-February 1997. The héavy line near 17 km denotes the
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Heavy line denotes the cold point tropopause.
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Figure 17. Time series of equatorial temperature anomalies at several pressure levels,
comparing Singapore radiosondes (1993-1997) with GPS/MET zonal means
for April 1995-February 1997. Both data sets were normalized to zero time
average for the GPS/MET time period, and the monthly Singapore data were

smoothed with a 1-2-1 running mean.
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